We analyze the packet delivery performance of wireless cooperative relaying in an interference limited scenario, by means of stochastic geometry. We show that the temporal and spatial characteristics of interference play a significant role in shaping the system performance. In particular, when interference has high temporal and spatial dependence, the packet delivery probability increases for harsh communication conditions but decreases for good communication conditions. We also show that these properties of interference affect the optimal positions of relays. Hence, when studying cooperative protocols one should carefully account for interference dynamics for obtaining meaningful results. We also discuss different detection strategies at the destination, namely selection combining and maximal ratio combining. We find that maximal ratio combining is effective only when relays are close to the source. The benefits of maximal ratio combining vanish when relays move toward the destination, which is the scenario with the maximum packet delivery probability.
I. INTRODUCTION AND MOTIVATION
The properties of interference in wireless networks have huge impact on the performance of wireless systems [1] , [2] . In simple terms, a given transmitter-receiver pair suffers from interference if at least one additional node is transmitting at the same time and at the same frequency range in the vicinity of the receiver. The signals of all such nodes interfere at the receiver with the intended signal from the transmitter due to the broadcast nature of the wireless medium. Such co-channel interference limits the overall network capacity [3] . Besides the average interference level, the time-varying and space-varying properties of interference, i.e., the interference dynamics, should also be considered for the design of communication techniques and protocols, and notably for temporal and spatial diversity schemes [4] - [7] .
Along this line of argumentation, this article applies methods from the theory of spatial stochastic processes to analyze the impact of interference dynamics on cooperative diversity (also called cooperative relaying) [8] . Most research so far analyzed cooperative relaying without considering the interference dynamics. We provide new insights on the design of such schemes by calculating the effects of interference dynamics on system performance, extending previous results based on interference models less accurate than the one we adopt. The main contributions of this article are as follows:
• We analyze the impact of the interference dynamics on cooperative relaying with one or multiple nodes serving as relay candidates.
• We derive the packet delivery probability of cooperative relaying that uses selection combining or maximal ratio combining, when no retransmissions are allowed. We compare the performance of the two combining strategies for two models of interference: the independent interference model, where interference levels at different locations are independent, and the dependent interference model, where interference levels at different locations are correlated, due to the presence of a common set of interferers. We show that spatial dependence significantly influences the performance of the system and the optimal positions of relays.
• Finally, we analyze a cooperative relaying scheme that allows retransmissions and we discuss the implications of spatio-temporal dependence of interference on the performance of the scheme. We show that cooperation improves the packet delivery of the retransmission system, however, this benefit is eroded in the case of dependent interference.
These novel contributions improve our understanding of the performance of wireless systems in the presence of interference, providing better insights on how the interference dynamics affects the packet delivery, the system throughput and outage. Hence, they are a step forward in the design of wireless transmission schemes that cope with interference limited environments.
This work is organized as follows. Section II reviews the related literature and provides background for our study. Section III describes the system under study and details our modeling assumptions. The packet delivery probability of the studied cooperative system is derived in Section IV for selection combining and maximal ratio combining. The retransmission system, where multiple transmission attempts take place at multiple time slots, is studied in Section V.
In particular, we compare the performance of non-cooperative and cooperative systems, showing that cooperation increases packet delivery. We also study the effects of the interference model.
Finally, Section VI summarizes the main results and outlines possible future extensions.
The results shown in Section IV-C, and a part of the results provided in Section V appeared in [9] .
II. RELATED WORK

A. Performance of Cooperative Communication Systems
In cooperative communication schemes, the communication between a source-destination pair is supported by one or more relays. The performance of such systems has been studied extensively in recent years.
Notably, the outage probability is used as a performance metric for a cooperative system in [8] , where the authors design and compare a wide range of practical relaying schemes and show that cooperation provides a significant resource gain compared to non-cooperative solutions. The outage probability of coded cooperation schemes is also considered in [10] . The article shows that a higher network performance is achieved when the relay transmits new information instead of simply repeating the information received from the source.
The above-mentioned works focus on analyzing the performance of cooperative systems when the cooperating partner has been identified by the source and destination. The problem of finding the best suited relay has also been widely investigated in the literature. Bletsas et al. [11] propose selecting as communicating partner the relay, among the available candidate relays, that has the highest value of the minimum of the channel gains from the source to itself and from itself to the destination. The authors show that a cooperative scheme adopting this selection rule achieves the same diversity gain as a system where all relays operate simultaneously following a space-time block code strategy, and at the same time reduces the system complexity, since synchronization between relays is not necessary. Protocols that rely on channel qualities for selecting a relay have also been proposed in [12] , [13] . A relay selection rule that extends the principle of [11] to the cases where the selected relay may forward new information, instead of simply retransmitting the transmission of the source, and where the channel qualities are not perfectly known, is studied in [14] .
Although channel properties have been the main consideration in relay selection, other aspects of the communication system have also been proposed. The authors of [15] , [16] propose relay selection schemes that take into account the amount of energy that is used for performing a cooperative transmission when identifying the most appropriate relay. A further metric considered for the relay selection problem is spatial reuse. In particular, [17] selects the relay which provides the best spatial reuse, in the sense that it minimizes the number of nodes that may not transmit because they are in the collision avoidance range of the adopted partner.
Our article extends the results of this body of work by considering the influence of interference from external nodes when calculating the outage probability.
B. Impact of Interference on Cooperative Communications
Despite extensive research efforts on cooperative communications systems, only few papers consider the influence of interference on their performance.
Notably, the capacity of a communication system where two transmitter-receiver pairs operate simultaneously, mutually causing interference, is analyzed in [18] . Cooperation is enabled by letting the two transmitters help each other and the proposed cooperative scheme increases the network performance.
The tradeoff between the benefit of adopting a relaying strategy and the interference generated by relays is highlighted in [19] in terms of the sum-rate and energy efficiency of a cooperative asynchronous multi-user scenario.
Decode-and-forward relaying schemes where cooperative transmissions incur co-channel interference are studied in [20] . The authors derive the outage probability of the system and provide optimal energy allocation strategies under an adaptive relay selection assumption, where only stations that successfully decoded the transmission of the source node may cooperate.
Although these works take into account the influence of interfering nodes on cooperative communications, they do not consider the interference dynamics, which significantly influence the network performance, as we show in this work.
C. Interference Dynamics
Some recent works look at the influence of the temporal and spatial characteristics of interference, i.e., the interference dynamics, on the performance of communication networks. In particular, Haenggi introduces the 'uncertainty cube' [4] , which models the stochastic aspects of the network under consideration, and derives the correlation of interference for network scenarios represented by the vertices of this cube.
A wider range of correlation sources is considered by some of the authors of the article at hand in [21] , where the results of Haenggi are extended by considering the nodes' locations, the temporal correlation of the wireless channel, and the particular traffic pattern adopted by the communicating stations.
Similar temporal and spatial properties of interference are considered in [5] for obtaining the conditional probability of outage in a network where different transmissions are affected by correlated interference levels. The analysis is extended to the cooperative domain in [9] , where the authors of the article at hand analyze the performance of a cooperative system with a single relay under the influence of correlated interference. A similar analysis of cooperative systems is presented in [7] , where the authors derive the outage probability for dependent interference and selection combining aided relaying. Additionally, [7] discusses the diversity gain attained by the cooperative system.
The main limitation of previous work is that it considers either non-cooperative cases, or cooperative systems where only one relay could be selected for helping the communication between the source and the destination. Furthermore, previous work only adopts selection combining for decoding signals received at different times.
The work at hand adapts and extends important aspects of the above-cited studies by addressing cooperative communications with multiple candidate relays and different decoding strategies, namely selection combining and maximal ratio combining at the destination. These two contributions are of significant importance for a better understanding of cooperative relaying systems and help in the design of effective relaying strategies operating in interference limited scenarios.
III. NETWORK AND CHANNEL MODEL
We consider a wireless scenario where the communication between a source s and a destination d may be aided by a relay chosen from a set of N possible helpers {r n } N n=1 . Let s, d, r n denote both the nodes and their coordinates. Transmissions between any two nodes are subject to cochannel interference. In particular, we assume a set of potential interferers distributed on the plane according to a Poisson point process (PPP) Φ of intensity λ [22] . Let u ∈ Φ denote a generic interferer node as well as its location.
The channel is modeled assuming distance-dependent path loss combined with Rayleigh fading. In particular, the power that is received at d from s is
where the fading coefficient h sd models Rayleigh fading and is an exponentially distributed random variable having mean and variance equal to unity, and the strictly positive path loss coefficient g sd represents path loss. Without loss of generality, we consider a transmitter power equal to unity, hence no separate transmitter power appears in (1) .
Similarly, h sn , h nd , g sn and g nd denote the fading and path loss coefficients of the links connecting s to r n and r n to d, respectively. We also denote the fading and path loss coefficients of the link connecting u to r n and the link connecting u to d with h un , h ud , g un and g ud , respectively. Fig. 1 shows an example network with N = 2 relays.
We consider a time slotted scenario. All fading coefficients remain constant for the full duration of a time slot. We assume that fading coefficients of different links at the same or in different time slots are independent, even if these links share a common node. Furthermore, we assume that the fading coefficients of a link in two different time slots are independent. These simplifying assumptions allow us to keep the analysis tractable, although they are an approximation of reality.
Regarding the path loss coefficients, in this work we do not model node mobility, therefore the path loss coefficients do not vary across time slots. Also, we do not assume that they follow a particular model, and our results apply for any path loss model. We constrain our work to the case where a single relay forwards the transmission of the source, even if multiple relays correctly decoded it. This transmission strategy is not optimal, since allowing multiple relays to simultaneously cooperate might provide a higher packet delivery probability. However, a system where multiple relays retransmit requires synchronization among the relays and might also require the adoption of more advanced coding techniques, such as distributed space-time block codes. Furthermore, [11] proved that a carefully constructed system where a single relay forwards the information received from the source provides the same diversity gain as the one attained by a system where multiple relays transmit at the same time.
Finally, we follow [11] and assume that if there is at least one relay that can successfully forward the packet to the destination, the transmitter-receiver pair can identify it and invoke its help. Practical methods for selecting such relay have been studied in the literature, and include contention between the relays that decoded the message of the source [23] and selection based on a table that stores information about the quality of candidate relays [12] , [24] . We dispense with choosing a particular method, since the analysis of the relay selection phase is outside the scope of this work.
The cooperative relaying scheme we consider operates as follows. The source transmits its signal in a particular time slot, which is received by both the relay and the destination.
Following the approach of [12] , where time is reserved for the relay transmission right after the source's transmission, we assume that the selected relay, if one exists, forwards the packet to the destination in the same time slot. If the cooperative communication does not succeed, a new attempt following the same strategy is carried out in the next time slot.
The source and the interferers access the wireless channel according to an ALOHA transmission mechanism, i.e., they transmit at a particular time slot with probability p. Let the indicator function 1 u denote the case where the potential interferer u ∈ Φ is active at the considered time slot and hence contributes to the total received interference power. The interference power at d may be expressed as
Similarly, the interference power at the n-th relay is
We compare the performance of our cooperative protocol in the cases of dependent and independent interference. We have dependent interference when the same set of interferers contribute to the interference power at the relays and the destination. Conversely, we have independent interference if the interference powers at different nodes are produced by independent sets of nodes. In the dependent interference case, the interference levels at two different time slots are produced by the same set of nodes, conversely different set of nodes contribute to the interference levels at two time slots in the independent interference case. Clearly, the model that assumes dependent interference, although much harder to analyze, is more realistic, and hence provides a more accurate view of a real wireless scenario.
We assume that communication is interference limited, and hence we neglect the effects of noise. The analysis can be easily extended to include the effect of noise, since the effect of interference and noise may be separated into two terms that represent the noiseless and the interference-less cases [1] . Since the goal of this paper is to assess the impact of interference on the performance of wireless networks, we focus on the noiseless case. We consider two alternative decoding strategies at the destination, namely selection combining (SC) and maximal ratio combining (MRC).
For SC the signal-to-interference ratio (SIR) at d, when s is transmitting, can be expressed as
Again, similar expressions characterize the SIR ρ nd when the signal is transmitted by r n and received at d, and the SIR ρ sn when the signal is transmitted by s and received at r n .
For a receiver adopting MRC, the SIR at d is expressed as
assuming that the n-th relay was selected to support the communication.
Finally, we assume that the transmission technology adopted is such that the destination correctly decodes the received packet if and only if its SIR is higher than a threshold θ.
In particular, denoting with S 0 the event of successful decoding at d of the signal transmitted by s, one has
Similarly, S SC n denotes the event of a successful packet delivery by using r n and SC at d. This event corresponds to a successful decoding of the signal at r n , followed by a successful decoding at d of the signal received from r n . Hence, the event S SC n may be defined in terms of received signal quality as
A similar definition can be used when d adopts MRC. In particular, S MRC n denotes the event that r n correctly decodes the signal transmitted by s, and d successfully decodes the combination of the signals received from s and r n . Again, S MRC n may be defined in terms of SIRs, obtaining
The ratio between the success threshold θ and the path loss coefficient between s and d is denoted by
Similar definitions apply to the other transmitter-receiver couples.
IV. PACKET DELIVERY PROBABILITY WITHOUT RETRANSMISSIONS
A. Selection Combining
The packet delivery probability Ω of the cooperative scheme in a single time slot can be calculated as the probability that either the direct link or one of the relay-aided 2-hop paths is successful. Hence, the packet delivery probability may be expressed as
By applying the inclusion-exclusion principle we get
where
is the powerset of S, |A| denotes the cardinality of the set A, and, finally, P[A] is the probability of the intersection of all events in set A.
From (11) one may note that the packet delivery probability of the considered relaying scheme is completely characterized by finding the probabilities P[A], ∀A ∈ P (S). These probabilities are derived in the following. The analysis is divided into two cases: the case where set A contains S 0 , and the case where A does not contain S 0 .
At first consider a set of events A = {S 0 , S SC 1 , . . . , S SC K } including the event of success on the source-destination link and on the first K cooperative links. Note that the following analysis holds for any set composed by S 0 and any K events corresponding to the successful use of K cooperative links, however, to keep the notation simple, the result is presented for the first K cooperative links. We have
In (12), (a) holds since we condition on the fading powers of interferers and on the Aloha process and since the fading powers h sd , {h sk } When we have independent interference, P [A] is
where (a) follows from having independent interference powers at different locations and (b)
follows from the same steps as in (12) . A similar approach may be used to derive P [A] for the different sets of success events considered in the following of the paper. Due to space constraints, we only show results for P [A] for the dependent interference case since they represent the core contribution of the work at hand.
We consider now a set A = {S SC 1 , . . . , S SC K } and we get
where (a) follows from the same steps as in (12) without accounting for the contribution of the source-to-destination link.
B. Maximal Ratio Combining
Consider a scenario where the destination adopts MRC for jointly decoding the signals received from s and from the selected relay. The probability that a packet is successfully delivered is
and hence one can use (11) }. We have
where (a) follows from the fact that the condition
∀k ∈ 1, . . . , K, and (b) follows from applying steps similar to those of (12).
In order to obtain the probability of A = {S }, consider at first the probability that the combination of the signal received at d from s and from a single selected relay r k has a power greater than a particular constant value β. This probability may be calculated as
In the last equality of (17) we assume that g kd = g sd , that is the distances between the source and the destination and the relay and the destination are not equal.
Equation (17) can be extended to support an arbitrary number of available relays, obtaining
where the quantity η is defined as
. Again, we assume that the value η is not equal to unity.
Finally, when A = {S MRC 1 , . . . , S MRC K }, we have
where (a) follows from substituting β = θI d in (18) and by multiplying the two terms times the probability K k=1 e (−θsk u∈Φ h uk g uk 1u) that the K source-relay links are successful.
C. Results for the One Relay Case
We first provide results and simplified expressions for the case where a single candidate relay r 1 is available. When the destination adopts SC, we can rewrite the packet delivery probability
as
The first term in (20) can be calculated for the case of dependent interference by substituting K = 0 in (12) . In particular, we obtain
The second and the third terms in (20) are instead calculated by substituting K = 1 in (14) and (12), respectively, obtaining
and
When the destination adopts MRC, the packet delivery probability is
The first term in (24) is given in (21) . The second and third terms composing (24) can be calculated for the case of dependent interference by substituting K = 1 in (19) and (16), respectively. In particular, their values are
and Fig. 2 compares the success probability of a system with no relays with that of a cooperative system where a single candidate relay is available and SC is adopted at the destination, for different values of λ and p. The source is located at (0, 0), the destination at (1, 0) and the relay is at (0.25, 0). In order to have a fair comparison, the transmission power is doubled there is no relay. The path loss model selected for this example is
where the path loss exponent α is equal to α = 4. Note that the analysis presented in the paper is valid for a generic path loss model, and (27) is only used for obtaining numerical results. , λ = 0.6:
) and for a single candidate relay
). We set θ = 1.
From Fig. 2 one can see that cooperation significantly increases the packet delivery probability at the destination, compared to the case where no candidate relays are available. 
D. Results for the Multiple Candidate Relays Case
This section provides numerical results for the case where multiple candidate relays are available. As detailed in Sections IV-A and IV-B, the packet delivery probability can be computed according to (11) , using the expressions (12), (14), (16) and (19) and a 'harsh scenario' with a higher interferers' density and a larger target SIR for having a successful decoding, having parameters θ = 1, λ = 1 and p = 1.
As one would expect, Fig. 4 shows that Ω increases when more relays are willing to help. the independent interference case, especially when relays are located closer to the destination.
This can be explained by noting that, while all relay-destination links share the same value I d , the interference at different relays changes significantly in the dependent and independent cases.
In particular, since the positions of relays are very close, the interference values in the dependent case are likely to be very similar. Hence, this reduces the benefit of having multiple available helpers. Conversely, with independent interference, having multiple available relays significantly increases the likelihood that at least one relay can decode the transmission of the source. This effect is particularly pronounced when the source-to-relay link is the weakest one, which is when the relays are closer to the destination.
The opposite behavior is observed in the harsh communication scenario. In particular, having dependence between interference levels at different locations yields a significantly higher performance with respect to the independent case when the number of relays is low. This behavior can be explained better by looking at the one-relay case. In the harsh scenario, the success is mainly due to the relay-aided link, since the direct transmission suffers from high interference and path loss. If interference is independent, the probability that the packet is successfully delivered through the cooperative link is
P[ρ s1 > θ, ρ 1d > θ] is higher since in the dependent case the probability [5] ). An intuitive explanation is that if the relay correctly decoded the signal from s, then it is likely that d can also decode the signal from the relay, due to the strong dependence between the interference values. This observation does not hold when many relays are willing to help the communication, since again having independent interference increases the chances that at least one relay decodes the source's transmission. only in the case where the relay itself can decode the transmission of the source, and hence cooperation is facilitated when relays are closer to the source. In this case, the MRC system is more reliable since it reduces the negative effects of the increased path loss on the relay-todestination link by combining the signal forwarded by the relay with the one received from the source.
A different relay configuration is considered in Fig. 6 , where (N − 1) relays are located at assuming dependent interference and adopting MRC combining. One can observe that for good communication conditions, Ω hardly changes when the edge is increased, i.e., moving from a scenario where relays are very close to the middle point between the source and the destination to a scenario where they are spread in a larger area. This is explained by noting that, when having multiple candidate relays, it is still likely that one is located in a beneficial position.
Furthermore, since interference is dependent, the case where all relays are very close to the middle point between s and d exhibits high spatial correlation properties, hence reducing the benefit of the smaller path loss. Conversely, when operating in bad communication conditions, increasing the edge yields a lower Ω, since it is more likely that the relays move away from the near-optimal middle point coordinate and hence suffer from the increased path loss, which is critical at such communication conditions.
Finally, Fig. 8 shows a plot of the normalized system throughput, obtained by multiplying the probability p that s transmits in a slot by the packet delivery probability Ω. One can see again that independent interference helps when multiple candidate relays are available, while it is detrimental for the considered channel condition when having few relays. Furthermore, the probabilities p for which the throughput is maximized are different in the two cases of the interference model. This highlights the importance of using accurate interference models to determine and optimize the performance of cooperative systems.
V. PACKET DELIVERY PROBABILITY WITH RETRANSMISSIONS
In this section we study the packet delivery probability of a cooperative system where multiple retransmissions may take place in different time slots, upon failure of previous attempts.
Let S t denote the event corresponding to success at the t-th attempt. The retransmission scheme succeeds exactly at the T -th attempt when all the previous (T −1) attempts are unsuccessful, and the packet is correctly delivered during attempt T . Hence, the probability P T S that the scheme is successful after exactly T attempts may be calculated as
In (28), (a) follows from conditioning on a particular realization of the PPP; (b) follows from noting that once the positions of interferers are fixed, the success events at different time slots are independent, since the fading powers and the Aloha process at different times are independent;
in (c) we remove the index t from the success events, since the success probability S t does not depend on the time slot; finally, (d) is obtained by applying the binomial power expansion. The quantity (P [S |Φ]) t+1 in (28) is obtained as follows
where (a) uses (11) for the success probability at a single slot and (b) follows from using the multinomial power expansion and from denoting the i-th element of P (S) with A i .
Finally, the value P[A i |Φ] is given in the following for SC and MRC and for different sets of events.
Let us first consider SC and a set A = {S 0 , S SC 1 , . . . , S SC K }. We have, following the steps of (12) of Section IV-A,
Similarly, for SC and A = {S SC 1 , . . . , S SC K }, we follow (14) and we obtain
When the destination adopts MRC, according to (16) , we have for a set A =
Finally, for MRC and a set A = {S 0 , S } and according to (19) , we obtain
When we adopt the simplistic model of independent interference, the attempts at different time slots are independent, and hence the packet delivery probability P T S follows the geometric distribution with parameter Ω, given by (10) or (15), depending on the reception model.
The cumulative distribution function (CDF) of the number of attempts T of the retransmission scheme before having a success is shown in Fig. 9 for the dependent and independent interference cases and for N = 3 potential relays. The relays are located in the middle between s and d.
The performance of the cooperative aided retransmission scheme adopting MRC is very close to the performance of the scheme if SC is adopted, as one can see for the single attempt case in Fig. 5 . Hence, only the performance using MRC decoding is shown.
One can observe that having independent interference across the different attempts provides an increased packet delivery performance. In particular, while later attempts provide little benefit to the packet delivery probability in the case of dependent interference, they significantly increase the likelihood of having success when interference is independent. This observation follows from the fact that in the dependent interference case, when some attempts already failed, it is very likely that further transmissions will also be unsuccessful, due to the presence of many interfering transmissions nearby.
Finally, Fig. 10 shows the CDF of the number of attempts T before having a success for different numbers of potential relays and compares it with the CDF of a non-cooperative system where the source carries out all retransmission attempts. Again, in order to have a fair comparison, the transmission power is doubled in the non-cooperative system. It can be seen that cooperation significantly improves the delivery probability, especially in the harsh scenario, where the noncooperative system has very low chances of correctly delivering the packet. 
VI. CONCLUSIONS AND FURTHER WORK
We studied the packet delivery performance of a cooperative scheme with multiple relays for different models of interference and two types of detection, namely selection combining and maximal ratio combining.
In more detail, we studied the performance of the cooperative scheme for both the simplistic independent interference assumption and the more realistic and less explored assumption of dependent interference. We showed that the packet delivery probability of the system significantly depends on the model of interference assumed. In particular, it was shown that, when adopting the simple independent interference model, the packet delivery performance of the system is underestimated in harsh scenarios, and overestimated in good scenarios, compared to the more realistic behavior found when adopting the dependent interference model.
A significant performance loss with respect to the independent interference case was also observed when retransmissions were employed, where having dependent interference reduces the benefit of later attempts.
The paper also compared the selection combining and maximal ratio combining decoding strategies at the destination. It was shown that maximal ratio combining provides some benefit when the relays are located in the proximity of the source. However, the benefits vanish when the relays move closer to the destination. In particular, the paper has shown that the maximum packet delivery probability hardly changes when adopting the two decoding rules.
Future work will include an analysis that accounts for more general temporal characteristics 
